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ARTICLE INFO ABSTRACT

Keywords: The pathway for producing 1,3-propanediol (1,3-PDO) from methyl 3-hydroxypropionate (3-

1,3-Propanediol HPM) has great application potential. However, the reaction is sensitive to temperature and re-

g“ catalllyﬂ sults in reduced product selectivity at high temperatures. This study explores the use of low-
u-In alloy . temperature active Cu—In bimetallic catalysts for the 3-HPM reaction. The Cu-1In/SiO; cata-

Low-temperature active 1o . . . . .

1,05 lyst exhibits superior catalytic performance with a 91.5 % yield of 1,3-PDO, surpassing that of the

Cu/SiO; catalyst by 264 % under identical conditions. Multiple characterization methods reveal
the textural and physiochemical properties of the catalysts. The excellent catalytic performance of
Cu-1In/SiO2 can be attributed to the introduction of Culn alloy and highly dispersed In,O3. The
interaction between copper and Indium species on the catalyst surface facilitates the dispersion of
Cu species, while simultaneously highly dispersed InyO3 introducing new adsorption sites for
reactants, thereby greatly improving its catalytic performance.

1. Introduction

The hydrogenation of Methyl 3-hydroxypropionate (3-HPM) is an important step in the ethylene oxide hydroesterification process
for producing 1,3-propanediol (1,3-PDO) [1,2]. The utilization of 3-HPM as an intermediate overcomes the limitations associated with
alternative chemical synthesis routes, which are prone to producing unstable intermediate 3-hydroxy propionic aldehyde (3-HPA)
[3-5]. However, the hydrogenation of 3-HPM for the synthesis of 1,3-PDO encounter challenges pertaining to reaction selectivity,
catalyst efficiency, or reaction conditions. On the one hand, the 3-HPM hydrogenation to 1,3-PDO is a deep hydrogenation reaction
that requires harsh conditions and a highly efficiently catalysts carry out the reaction [6]. On the other hand, the side reactions in the
hydrogenation process, such as 3-hydroxypropionate, are prone to f-hydroxy dehydration to generate methyl acrylate, deep hydro-
genation to produce methyl propionate (MP) and n-propanol (NPA), which are also thermodynamically advantageous [7]. This
predisposes the reaction to a trade-off between conversion and selectivity, often referred to as the “teeter-totter” dilemma, where
achieving high conversion rates and product selectivity simultaneously is challenging. Generally, in industrial applications, it is highly
desirable for catalysts to possess high selectivity towards the desired product. Overly acidic or basic sites within the catalyst can also
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induce the dehydration and over-hydrogenation of the reactants [6], thus diminishing the selectivity of the catalyst towards the desired
product. Therefore, the selection of a neutral catalyst support, such as SiOs, is crucial for this reaction. And, this imposes a stringent
constraint on the reaction temperature, as excessive temperatures can yield unpredictable catalytic outcomes. Therefore, how to
prepare a high efficiency catalyst with low temperature activity catalyst to efficiently generate 1,3-PDO target products by hydro-
genation of 3-HPM still faces great challenges.

Cu-based catalysts have found extensive applications in hydrogenation of carbon—oxygen bond [8-10], including dimethyl oxalate
(DMO), methyl acetate (MA), furfural, CO, [11], etc. This performance depends on the synergistic effect of cu® and Cu', which ac-
tivates the C=0 bond of Hy, Cu™ adsorbed ester [12,13]. Due to their exceptional performance and cost-effectiveness in the field of
ester hydrogenation, Cu-based catalysts have been chosen as promising candidates for facilitating the synthesis of 1,3-propanediol (1,
3-PDO) through 3-Hydroxypropionate (3-HPM) hydrogenation. However, Cu-based catalyst often suffer from the loss of Cu dispersion
due to the severe sintering of Cu nanoparticles under the working condition of the hydrogenation of 3-HPM reaction. More impor-
tantly, the Cu-based catalyst exhibited limited catalytic activity at lower reaction temperatures. Thus, the methods to improve hy-
drogenation of Cu/SiO; catalysts attracted much attention.

Metal doping is regarded an effective strategy for modifying and improving the performance of Cu/SiO; catalysts in hydrogenation
reactions. Cu-based bimetallic catalysts have attracted great attention for the hydrogenation of ester reaction due to their high activity
and selectivity. Incorporating trace amounts of noble or transition metals, such as Au [14,15], Ag [16,17], Ni [18,19], Ce [20,21], In
Refs. [22,23], and Zn [24,25], onto the Cu/SiO, catalyst can effectively modulate its electronic and chemical properties, thereby
significantly augmenting its hydrogenation activity. Ding et al. [26] reported that the addition of metal Zn effectively modulated the
electrical properties of Cu species, because there was a strong interaction between Zn and Cu, thereby stabilizing Cu™ species and
improving the response ability of Cu™. Behrens et al. [27] also proved that Zn can effectively stabilize Cu steps on Cu/Zn0O/Al,03
catalyst by a series of well-defined bulk defects and surface species that need to be present jointly for the system to work. Li et al. [24]
found that Zn?*in Ga,O3-doped Zn/Cu catalyst can be partially reduced to Zn° to form a body-centered cubic (bec) Cu-Zn alloy,
showing high sinter resistance and stability. Wang et al. [28] also found that appropriate Zn incorporation could improve the Cu *
content on the catalyst surface and the dispersion of Cu® particles, and make the catalyst have better sintering resistance. However, the
performance of these catalysts for ester hydrogenation at low temperature remains to be investigated.

Recently, indium oxide (InyO3) has been reported as a highly selective and stable catalyst for methanol synthesis from CO2 [29-31].
However, the weakness of InyO3 in Hy dissociation limits its activity for COy hydrogenation [32-34]. In this context, the design of
Cu—In bimetallic catalysts can achieve two different goals in a single action, as the dispersion of Cu can be improved by introducing a
defective oxide (i.e., InoO3) and the H; dissociation ability of InpO3 can be enhanced by Cu [35]. The catalyst design was quickly
applied to the ester hydrogenation reaction and exhibited good catalytic activity [22,23]. Zhang et al. [22] reported on the application
of indium oxide-modified Cu/SiO; catalysts in the methanolysis of methyl acetate for the preparation of ethanol. The study suggests
that the appropriate introduction of indium increases the dispersion of copper in the catalyst, reduces the copper grain size, and in-
creases the surface copper concentration. Ma et al. [23] reported that the plentiful interface of Cu™~Culn alloy prompts the conversion
of the carbonyl group adsorbed on the Cu™ sites with the dissociated hydrogen on the vicinal Culn alloy. Despite extensive studies,
some mechanistic insights remain elusive for Cu—In bimetallic catalysts in hydrogenation [36-39]. Yu et al. [40] argue that the
presence of indium species has a negligible effect on the content of Cu™ species on the surface. Instead, they suggest that the pro-
motional effect likely arises from interactions between reduced indium species and Cu® species, which enhances the latter’s ability to
activate Hy. Bossola et al. [41] reported that the formation of InO, “necklace” buffer phases at the interface between the Cu nano-
particles and the silica support in Cu-In/SiO5 catalyst, thus an enrichment of electron density of the Cu nanoparticles. The promotional
effect of the In component on the copper-based catalyst remains elusive. The hydrogenation of 3-HPM reaction requires higher
pressure but lower temperature compared to DMO-to-EG, making it attractive to investigate the catalytic performance and active phase
of Cu—In bimetallic catalysts under such conditions.

On this basis, a series of Cu-xIn/SiO; catalysts with different contents of In modification were prepared by distilled ammonia
method in this study. And a series of characterizations such as Hy-programmed temperature reduction (Ho-TPR),X-ray diffraction
(XRD), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS) were carried out to deeply explore the
promotion effect of indium on Cu/SiO, and to further study the correlation between the structure and its performance.

2. Experimental
2.1. Materials

Cu(NOs3)2-3H20, In(NO3)3-3H20, ethanol, aqueous ammonia solution (NH3-H20, 28 wt%), and methanol purchased from Sino-
pharm Chemical Reagent Co., Ltd. Silica sol (mass fraction of SiO; is 30 %) purchased from Qingdao Ocean Chemical Co., Ltd. These
reagents and chemicals were analytically pure (AR) and used without further purification. Methyl 3-hydroxypropionate (3-HPM) was
prepared in our lab by the patent method [42].
2.2. Catalyst preparation

The Cu-xIn/SiO5 catalysts (x denotes the nominal indium mass loading) was prepared by the ethanol-assisted ammonia evaporation

method (Et-AE). All catalysts contained a constant, pre-set Cu loading of 20 wt %. An aqueous ammonia solution (28 wt%) was initially
mixed with a calculated amount of Cu(NOs3)2-3H20 and In(NO3)3-3H,0 aqueous solution (300 mL water and 150 mL ethanol) under
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vigorous stirring for 30 min. Subsequently, a calculated amount of silica sol (SiO3, 30 wt%) was dropped into the above copper
ammonia complex solution through the peristaltic pump and stirred for 30 min at room temperature. Subsequently, the suspension was
further stirred under 363 K in a water bath to evaporate ammonia and deposit copper species on silica. The evaporation process was
terminated when the pH of the mixture declined from 11 to 12 to 6-7. The precipitate was filtered, washed with deionized water, dried
overnight at 393 K (marked as Cu-xIn/SiO; precursors). And then the catalyst precursor was calcined at 723 K (10 K/min) for 240 min,
followed by calcining at 923 K (1 K/min) for 300 min. And then the Cu-xIn/SiO5 (x = 0, 0.25, 0.50, 1.0 and 2.0 wt%) catalysts were
obtained, where x represents the weight ratio of In. For comparison, 2%In/SiO5 (2.0 wt%) catalyst was prepared by the same prep-
aration method.

2.3. Characterization

N, adsorption-desorption isotherms were measured at 77 K using a Micromeritics ASAP 2020C instrument after degassing at 523 K
for 3 h to remove physically adsorbed impurities. The relative pressure (P/Pg) was varied from 0.01 to 1.0 to obtain the texture
structure parameters of the catalyst. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The
Barrett-Joyner- Halenda (BJH) method was applied to calculate the pore size distributions according to the desorption branches of the
isotherms.

Loadings of either Cu or In metal or both in the catalysts were determined by the inductively coupled plasma-optical emission
spectrometer (ICP-OES, Agilent 5110, USA). Samples were prepared by dissolving in HF followed with addition of H3BO3 aqueous
solution.

Fourier transform infrared (FT—IR) spectroscopy was recorded on a Nicolet iS50 spectrometer (USA) with a spectral resolution of 4
cm™!. The wave number range was from 4000 to 400 cm ™, and 32 scans were recorded for each spectrum.

Wide-angle X-ray diffraction (XRD) scanning was conducted on a Rigaku Ultima-IV X-ray diffractometer equipped with Cu K,
radiation at 40 mA and 40 kV. The data were recorded from 26 of 10-90° with a continuous scanning speed of 20°/min. The mean
crystallite sizes of the CuO and Cu supported were calculated with the Scherrer equation.

The reducibility of the calcined sample was determined by Hy temperature-programmed reduction (Ho-TPR) on a multifunctional
catalyst characterization instrument (MTP3060, Betterwork, China). Calcined catalyst sample (100 mg) in a quartz U-tube reactor was
pre-treated at 423 K for 1 h under a 30 mL/min flow of Ar. After being cooled to room temperature under an argon atmosphere, a 5 %
Hy/Ar was introduced at a flow rate of 30 mL/min. Subsequently, the temperature was linearly increased from ambient temperature to
893 K at a rate of 10 K/min, and the amount of consumption Hy was measured by a TCD detector.

Copper dispersion is a vital index related to catalytic performance. N2O titration experiment was performed on a multifunctional
catalyst characterization instrument (MTP3060, Betterwork) apparatus to determine the copper dispersion according to a literature
procedure [43].

Temperature-programmed desorption (TPD) was performed with Micromeritics Autochem II ASAP 3060 instrument. Firstly, the
catalyst was allowed to adsorb the reactant 3-HPM in the reaction apparatus. The specific steps are as follows: The catalyst was
activated for 2 h at 578 K (1 K/min) using an argon gas stream containing 5 % hydrogen (90 mL/min). After cooling to 433 K, the gas
stream was switched to pure hydrogen (99.99 %). The liquid 3-HPM was then introduced into the reactor by bubbling with hydrogen.
This process continued for 1.5 h, after which the injection of 3-HPM liquid was stopped, and the reactor was further purged with
hydrogen for an additional 0.5 h at the same temperature. The system was then cooled to room temperature, and the catalyst was
inerted using a gas stream of 1 % O/Ar, ready for use. The catalyst sample (100 mg) completed 3-HPM adsorption in a quartz U-tube
reactor was pre-treated at 373 K for 1 h under a 30 mL/min flow of Ar. Then the sample was heated to 1073 K in Ar flow. The quantity
of desorbed products was detected by TCD and MS signal.

X-ray photoelectron spectroscopy (XPS) and X-ray Auger electron spectroscopy (XAES) were measured on a Quantum 2000
Scanning ESCA Microprobe instrument (Physical Electronics produced by PHI) equipped with an Al K,, X-ray radiation source (E =
1486.6 eV). The Cu 2p spectral region of the sample was recorded, where the carbonaceous C 1s line (284.6 eV) was used as the
reference to calibrate the bonding energies (BEs). The calcined catalyst sample was heated to 578 K in 5 % Hy/Ar at 30 mL/min and
reduced at this temperature for 1 h. After reduction, the sample was kept under Ar and transferred into the XPS chamber for test when
cooling to room temperature.

Transmission electron microscopy (TEM) was measured on a Philips FEI Tecnai 20 electron microscope with an operating voltage of
200 kV. The catalyst is pre-reduced and inerted with 1%0y/Ar gas prior to testing. The sample was milled and ultrasonically dispersed
in ethanol at room temperature for 15 min and then deposited on copper grid coated with amorphous film.

2.4. Catalytic performances

Catalytic performances Catalytic evaluation of 3-HPM hydrogenation to 1,3-PDO with a stainless-steel fixed-bed tubular reactor
(inner diameter of 8 mm and length of 650 mm). 1 g of catalyst (40-60 meshes) was packed in the tubular reactor at a zone with
constant temperature. The catalyst was activated in a flow of Hy/Ar (5 %/95 %) atmosphere (90 mL/min) at 423 K for 30 min with a
ramping rate of 10 K/min, then at 573 K for 2 h with a ramping rate of 1 K/min. The reactor was cooled to the target reaction
temperature 433 K, and H; was fed into the reactor using a mass flow controller. The system pressure was precisely controlled at 6 MPa
with a back-pressure regulator. After reduction, a 10 wt% 3-HPM methanol solution was continuously pumped into the reactor with a
micro-pump along with co-feeding H, of gas flowing at 220 cm® min ™. Reaction conditions: T = 433 K, P(Hy) = 6.0 MPa, WHSV(3-
HPM) = 0.1 h™}, Hy/3-HPM = 240. The products were condensed and analyzed by the gas chromatography (GC2060, Shanghai
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Keenan Company) fitted with an OV-1701 column (30 m x 0.53 mm) and a flame ionization detector. The effluents mainly include the
un-converted 3-HPM, 1,3-PDO, methyl propionate (MP) and n-propanol (NPA). The calculation of the conversion of 3-HPM and
selectivity to various products (1,3-PDO, MP and NPA) follows formula below:

Xrpm = (1 —M) x 100% @

NHpM,in

where nypp o and nypp i are the amount of HPM (mole) in products and feed reactants, respectively.

Mppo

Sepo = x 100% 2

NppM,in — THPM out

Nyp
Swp =

NMupm,in — MHPM, out

x 100% 3

TiNpA

x 100% (©)]

Snepa=————
NypM,in — MHPM out

where nppo, nypa and nyp are the amount of 3-HPM (mole) converted for the formation of product 1,3-PDO, MP and NPA (mole),
respectively.

3. Results and discussion
3.1. Catalytic performance

The properties of a series of Cu-xIn/SiO3 samples (x = 0, 0.25, 0.50, 1.0 and 2.0 wt%) were evaluated using the 3-HPM hydro-
genation reaction, and the corresponding results are presented in Table 1 and Fig. 1. The results demonstrate that at 433 K and 6 MPa,
with a WHSV(3-HPM) of 0.15 h ™! and Hy/3-HPM ratio of 240, the conversion of 3-HPM initially increases as the In loading increases,
but subsequently decreases upon reaching a load of 2%In. The selectivity trend exhibited an inverse relationship with the conversion
trend, and the predominant by-product was NPA, which resulted from further hydrogenation of 1,3-PDO. It is noteworthy that, in
contrast to the reaction results obtained under conditions at 433K (Table 1), all catalysts maintained over 90 % selectivity towards 1,3-
PDO under the reaction conditions at 413K (Fig. 1), as anticipated. This suggests that lower reaction temperatures confer an advantage
for enhancing the product selectivity of the catalysts. The variations in catalytic performance resulting from changes in the indium
content in the catalyst can be attributed to characteristics such as Cu particle size and Cu™ charge intensity. Furthermore, the Cu-1In/
SiO4 samples exhibited superior catalytic activity and yielded the highest amount of 1,3-PDO under the given reaction conditions. The
stability testing of the Cu-1In/SiO5 catalyst was conducted under conditions of high conversion rate, considering the intricate rela-
tionship between conversion rate and selectivity.

Various characterization methods have been conducted to reveal the catalytic behavior of the Cu-based catalysts for 3-HMP hy-
drogenation, and the results are discussed as follows.

3.2. Catalyst morphology and Crystalline phase

The outcomes of the inductively coupled plasma-optical emission spectrometer (ICP-OES) analyses for the calcined Cu-xIn/SiO,
catalyst series (x = 0, 0.25, 0.50, 1.0, and 2.0 wt%) following calcination are presented in Table 2. The actual loadings of copper and
indium on the catalysts slightly exceed the theoretical values, yet this variance is negligible. ICP-OES display the actual metal loadings
are close to the theoretical values, proves the effectiveness of the preparation method which can deposit most of the copper and indium
species onto the silica support.

The chemical compositions and textural properties of all catalysts are summarized in Table 2. The N5 physisorption measurement
shows that all the calcined samples exhibit similar type IV isotherms and H1-type hysteresis loops [44], which are usually given by
mesoporous adsorbents (Fig. S1a). The pore volume and the pore size for these Cu-xIn/SiO catalysts rises from 0.54 to 0.65 cm>/g and
0.74-0.83 nm with their different indium loading dosages from 0 to 1 wt%. The of samples with low indium loading amount (0-1 wt%)
was almost unchanged. However, the samples containing 2 wt% of indium species exhibit a reduction in Sggr by 13.1 % compared to

Table 1
Effect of the loading amount of In on the catalytic hydrogenation of 3-HPM to 1,3-PDO.
Catalysts Conversion of 3-HPM (%) Selectivity to 1,3-PDO (%) Selectivity to MP (%) Selectivity to NPA (%) Yield of 1,3-PDO (%)
Cu/SiO, 61.3 85.4 11.2 3.4 52.4
Cu-0.25In/Si0, 92.1 84.5 4.9 10.6 77.8
Cu-0.5In/Si0, 96.7 81.7 4.9 13.4 79.0
Cu-1In/SiOy 99.8 75.3 2.3 22.4 75.1
Cu-2In/SiOy 60.9 91.0 3.9 5.1 55.4

Reaction conditions: T = 433 K, P(H,) = 6.0 MPa, WHSV(3-HPM) = 0.15 h™?, H,/3-HPM = 240.
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Fig. 1. Activity tests of Cu-xIn/SiO, catalysts (x = 0, 0.25, 0.50, 1.0 and 2.0 wt%). Reaction conditions: T = 413 K, P(H,) = 6.0 MPa, WHSV(3-
HMP) = 0.15 h™!, H,/3-HPM = 240.

Table 2

Physicochemical characterization of catalysts loaded with different amounts of indium.
Catalysts Cu content (wt In content (wt %) SBETh (mz/ Vpore* (cm3/ Dpored Cu Particle size (nm) Cu Particle size

%) g) g) (nm) e (nm)’
Cu/SiOy 20.8 - 293.5 0.54 7.4 8.6 5.7
Cu-0.25In/ 20.3 0.26 301.7 0.61 8.1 - 3.3
SiO,

Cu-0.5In/SiOy 20.2 0.53 303.9 0.64 8.3 - 3.7
Cu-1In/SiO 20.4 1.01 306.1 0.65 8.3 - 2.6
Cu-2In/SiO 20.1 2.04 266.3 0.51 7.7 12.7 7.1

Note.

lal' petermined by ICP-OES analysis.

) Specific surface area.

[l pore volume.

! pore diameter, P/Po = 0.995.

lel Galculated from XRD.

I Obtained through TEM measurement.

the Cu-1In/SiO; catalyst. Both pore volume and pore size decrease, potentially attributed to pore blockage caused by high loading of
indium oxide particles. Additionally, the unique structure of copper phyllosilicate (CuPS) [45] provides a significant Sggr. The
incorporation of a high indium loading in Cu-Si-based catalysts may potentially impede the interaction between copper and silicon [6],
thereby hindering the formation of CuPS. This could also plausibly account for the alteration observed in the Cu-2In/SiO; catalyst’s
pore structure.

It is noteworthy that while the variation in Sggr of Cu-xIn/SiO5 catalysts (x = 0, 0.25, 0.50, 1.0, and 2.0 wt%) aligns with the trend
of catalyst activity, a significant enhancement in catalytic performance within the range of (x = 0, 0.25, 0.50, and 1.0 wt%) appears to
be independent of the marginal increase in catalyst Sggr. While previous studies [46,47] have successfully enhanced the catalytic
performance and stability of similar ester hydrogenation reactions through increased surface area, this study faced challenges in
demonstrating the significant role of augmented catalyst surface area and pore volume in the 3-HPM hydrogenation process. The
decline in specific surface area and pore volume is likely a crucial factor contributing to the decreased catalytic performance of the
Cu-2In/SiO, catalyst. Moreover, the presence of the peaks at 3 nm for all the catalysts (Fig. S1b) proves the existence of copper
phyllosilicate which can be reduced to Cu™ species [46]. In addition, it has been reported that copper species like copper phyllosilicate
in the catalysts may promote the ester hydrogenation processes (such as DMO and diethyl malonate (DEM)) [48,49]. Therefore, the
copper species involved in the hydrogenation of 3-HPM were investigated in this study.

FT-IR characterization was utilized to reveal structural information for the Cu-xIn/SiO precursors samples shown in Fig. 2a, which
is a useful technique for distinguishing copper phyllosilicate phase. FT-IR spectra confirm the presence of Cu,Si»O5(OH), (copper
phyllosilicate) in Cu-xIn/SiO; (x = 0, 0.25, 0.50, 1.0 and 2.0 wt%) precursors as evidenced by deformation band (8oy) of OH at 670
em ™! and asymmetric stretching vibration band (vsijo) of Si-O at 1040 em™! [50]. The bands at 1117 and 803 em™! ascribed to
asymmetric stretching vibration band (vsjo) and the symmetric stretching vibration band (vgjp) in the amorphous silica. The relative
content of copper phyllosilicate in each sample can be estimated using Ig70/Ig00 [51]. The Ig70/Ig00 ratios of Cu-xIn/SiO5 precursors
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Fig. 2. (a) FT-IR spectra of the Cu-xIn/SiO, precursors; (b) XRD spectrum of Cu-xIn/SiO; precursors; (¢) XRD spectrum of calcined Cu-xIn/SiOy; (d)
XRD spectrum of reduced Cu-xIn/SiO».

undergo marginal alterations across various indium loading doses ranging from 0 to 2 wt% (Table S1), exhibiting a parallel trend with
the variations observed in Sgrr. However, the Ig70/Ig00 ratio merely offers a qualitative assessment of the copper phyllosilicate content,
as the extinction coefficients for the respective IR bands remain unknown. Therefore, discussions concerning the variation in CuPS
content within the catalyst must be approached with greater caution. Moreover, the XRD patterns of the Cu-xIn/SiOy precursors
(Fig. 2b) further corroborate the presence of copper phyllosilicate within the catalyst precursor. The weak peaks observed at 26 = 30.8°
and 35.0° correspond to the characteristic peaks of CupSizO5(OH), (JCPDS41-1390). Obviously, copper phyllosilicate exists in all the
catalyst samples, which shows poor crystallinity as other researchers have reported [46,52].

In order to investigate the impact of introducing In on the Cu/SiO; catalyst, X-ray diffraction (XRD) patterns were obtained for both
the calcined samples and reduced catalysts of the Cu-xIn/SiO; catalyst, as depicted in Fig. 2c and d. All samples exhibit diffraction lines
attributed to the silica support, displayed a single broad peak centered at 26 of 23°, which was characteristic of amorphous silica. The
XRD patterns of calcined samples (Fig. 2¢) exhibit relative broad diffraction peaks at 35.4° and 38.6°correspond to CuO (002) and CuO
(111) (JCPDS 05-0661) implying CuO does not undergo severe agglomeration even after 923 K calcined treatment in Cu/SiO5 and Cu-
xIn/SiOs.

After reduction (Fig. 2d), Cu/SiO; show a strong diffraction peak at 2 = 43.3° along with three weak ones at 50.4°, 74.1° and 85.0°
characteristic of Cu® (JCPDS04-0836), and a weak and broad peak at around 36.4° ascribable to the Cuy0 (111) (JCPDS05-0667) plane
can also be observed, indicating that at least Cu,0 and Cu® are present in Cu/SiOs. The sharper Cu diffraction peaks stem from a certain
degree of agglomeration occurring during the reduction process of the catalyst. Meanwhile, the broader CuyO diffraction peaks
originate from the highly dispersed copper phyllosilicate reduction, further corroborating the assessments of the presence of copper
phyllosilicate by FT-IR and BET. The Cu-0.25In/SiO, Cu-0.5In/SiO,, and Cu-1In/SiO catalysts exhibit diffraction peaks resembling
those observed for the Cu/SiO; catalyst, with a similar pattern of CupO peaks but notably diminished Cu peaks. This reduction in
intensity is particularly pronounced for the Cu-1In/SiO; catalyst, suggesting that the introduction of an appropriate amount of In
assists in suppressing the agglomeration of Cu during the reduction process. This effect can potentially be attributed to the strong
interaction between InyO3 and Cu during reduction. The high dispersion of Cu® facilitates the activation and deionization of hydrogen,
thereby positively influencing the catalyst’s activity. This is highly effective in enhancing catalytic activity. For the Cu-2In/SiO,
catalyst, there are smaller CupO diffraction peaks and more pronounced Cu diffraction peaks, indicating that the excessive introduction
of In disrupts the formation of copper phyllosilicate in the catalyst, while also exerting a negative impact on the dispersion of Cu.
Additionally, the XRD patterns of all catalysts after reduction showed no discernible diffraction peaks attributed to CuO, indicating its
absence. Based on the Hy-TPR test and XPS analysis of the reduced catalyst, it can be inferred that all Cu®>* species within the catalyst
were completely reduced to metallic Cu® and Cu T ions under the given reduction conditions. Additionally, the XRD pattern of the Cu-
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In/SiO4 catalyst shows no distinct diffraction peaks for InyO3 or In®, which may indicate that the indium in the catalyst is highly
dispersed, or it could be due to the low content of indium, possibly below the detection limit of XRD.

The catalyst activated by Hy reduction at 578 K was characterized using TEM (Fig. 3) to gain deeper insights into the particle
distribution and crystal phase within the catalyst. It can be seen that the light-gray SiO, carrier on the surface is densely covered by
black metal nanoparticles [53]. The average particle size data of the catalyst was obtained through statistical analysis in the atlas. the
particle size of Cu species in the catalyst showed the following trends: Cu-1In/SiO, < Cu-0.25In/SiO3 < Cu-0.5In/SiO3 < Cu/SiOg <
Cu-2In/Si0O,. The observed trend aligns with the pattern exhibited by the particle size of Cu species in XRD statistics (Fig. 2d) and the
dispersion behavior of Cu in N0 titration experiments (Table S2). The Cu nanoparticles in the Cu-xIn/SiO5 (x = 0.25, 0.5, 1) catalyst
are well dispersed on the support. And the average particle size of Cu nanoparticles in the reduced Cu-1In/SiO catalysts is significantly
smaller than that in the Cu/SiO5 catalyst without indium introduction, as indicated by statistical analysis in the atlas and confirmed by
XRD data suggests that the interaction between copper and indium effectively prevents Cu agglomeration during reduction. Addi-
tionally, high-resolution electron microscopy of Cu/SiO, revealed simultaneous observation of Cu (200) and Cuy0 (200), providing
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Fig. 3. TEM images of reduced catalysts: (a)Cu/SiO5, (b)Cu-0.25In/SiO,, (c)Cu-0.5In/SiO,, (d)Cu-1In/SiO, (e)Cu-2In/SiO, and HRTEM image of
(H)Cu/Si0,, (8)Cu-1In/Si0,, (h)Cu-2In/SiO,.
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further support for the coexistence of cu’and Cu’in catalyst (Fig. 3f). The crystal phase of Cuglng (222) and Cuy6lng (111) (522) (921)
were observed in high-resolution electron microscopy of the Cu-In/SiO; catalyst (Fig. 3g and h), indicating that the interaction be-
tween In and Cu promotes the reduction of InpO3 and forms a Culn alloy. Similar results have been found in related studies [23,36,38],
but the difference lies in the fact that previous studies mostly focused on alloys containing Cu;;Ing, whereas the variation in alloy types
observed here may be attributed to the higher roasting temperature used. Cu electronic structure is modulated with the formation of a
Culn alloy which improves the adsorption intensity for Hp [54], which may promote the high activity of Cu-In/SiO; catalyst in the ester
hydrogenation reaction. And the formation of a Culn alloy was observed to further enhance the stability of Cu nanoparticles and
maintain their highly dispersed state on thereby positively contributing to the catalyst’s overall stability.

3.3. Chemical states of surface species

To further corroborate the crystal phase mutation during reduction activation, Ho-TPR was conducted to qualitatively depict the
reducibility of the copper-based catalysts and 2In/SiO5 (Fig. 4a). The Cu-xIn/SiO5 (x = 0, 0.25, 0.50, 1.0 and 2.0 wt%) catalysts exhibit
asymmetric reduction peaks at temperatures ranging ca. 450 K-570 K, which can be attributed to the overlapping of two sets of
reduction peaks corresponding to the transformation of copper silicate into Cu™ and CuO crystal into Cu®, respectively [9,55,56]. It is
evident that the introduction of indium component leads to a significant increase in the main reduction temperature of the catalyst,
primarily attributed to the interaction between copper and indium during the reduction process, rendering it more challenging for CuO
crystals to undergo reduction to Cu®. Additionally, TPR characterization revealed that the reduction peak of the Cu/SiO, catalyst
exhibited pronounced asymmetry, whereas the Cu-In/SiO5 catalyst displayed a reduction peak with improved symmetry. Corroborated
by XRD and TEM analyses, it is inferred that this transformation is primarily attributed to the addition of indium, which enhances the
dispersion of copper on the silicon support. The more homogeneous distribution of copper leads to smaller particle sizes and a more
uniform reduction process, thereby resulting in a symmetrical reduction peak. The reduction shoulder peaks observed in the tem-
perature range of ca. 570-800 K can be attributed to the overlapping reduction peaks of larger CuO particles and highly dispersed
Iny03 [23]. It is noteworthy that the reduction temperature of InpO3 in Cu-xIn/SiO; is notably lower than that in 2In/SiO5 (ca. 922.3
K). This is due to the interaction between Cu species and In species, which favors the formation of highly dispersed In;Os3 species,
thereby promoting the reduction of InyO3. Consequently, this increases the likelihood of alloy formation in the catalyst at activation
temperatures (578 K). Furthermore, subsequent In 3d-XPS analysis confirmed partial reduction of InyO3 in the Cu-xIn/SiO5 catalyst.

The XPS and XAES spectrogram were used to evaluate the valence states for surface copper species. In the XPS spectra of the Cu/
SiO; catalysts reduced at 578 K (Fig. 4b), the peaks at 933.0 eV and 953.0 eV are assigned to Cu 2p 3/2 and Cu 2p 1/2 respectively. In
the XPS spectra of Cu/SiO and Cu-xIn/SiO; catalysts, the peak centered around 932.7-933.1 eV corresponds to the Cu 2p3/2 peak,
with a shoulder peak observed at higher binding energies. There are almost no significant Cu?* photoelectron peaks observed between
940-945 eV, indicating that the majority of Cu?* on the surface can be reduced to Cu® and/or Cu* [57]. Furthermore, compared to the
XPS spectra of the Cu/SiO; catalyst, with the introduction of In into the Cu-xIn/SiO; catalyst, a gradual shift of the Cu 2p peak towards
lower binding energies is observed. The red shift of the Cu 2p peak in the catalyst may be attributed to an increase in the surface
electron cloud density of copper species [58], indicating a strong interaction between copper and indium species, leading to surface
charge transfer between the two metals species.

In the hydrogenation reaction of relevant esters, thorough investigation into both oxidation states of copper is imperative due to the
distinct catalytic roles attributed to Cu® and Cu * [6,59]. Since XPS cannot accurately distinguish between Gu® and Cu™, Cu LMM XAES
was recorded to discriminate these peaks [60,61]. The presence of auger kinetic energy peaks ranging from 907.0 to 922.0 eV suggests
co-existence of the active Cut and Cu° sites (Fig. S2). The original spectra obtained from the catalysts at 907.0-922.0 eV are
deconvoluted into two peaks: one at approximately 914.4 eV is attributed to Cu*, and the other at around 917.6 eV is ascribed to Cu®
[62,63]. The Cu' species plays a crucial role in the adsorption of the ester group from the reactant. Notably, an increased Cu*/(Cu®
+Cu™) ratio results in enhanced adsorption of the ester group, thereby corresponding to heightened catalytic activity of the catalyst.
The peak integration calculations presented in Table 3 reveal that as the indium content in the Cu-xIn/SiO catalysts (0-2 wt%)
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Fig. 4. (a) Hy-TPR profiles of calcined catalysts; (b)XPS spectra of Cu 2p.
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increases, initially there is an increase followed by a decrease in the Cu*/(CuO +Cu™) ratio, with the order being Cu-2In/SiOy <
Cu/Si02 < Cu-0.25In/Si0, < Cu-1In/Si05 < Cu-0.5In/Si0,. Similar to the changes observed in BET results, the Cu™/ (Cu® +Cu™) ratio
in Cu-xIn/SiO7 (x = 0, 0.25, 0.50, 1.0, and 2.0 wt%) catalysts exhibited only minor variations. Therefore, it is challenging to consider it
as the primary factor responsible for enhancing the catalyst’s adsorption capacity for reactants, this aspect was further validated in
subsequent HPM-TPD-MS experiments.

In 3d-XPS spectra were recorded and deconvoluted of Cu-xIn/SiO and 2In/SiO; after reduction (578 K), as shown in Fig. 5a and
Fig. 3. The peak binding energies of 2In/SiO, samples are approximately 445.4 eV and 453.0 eV, corresponding to In®* 3d 5/2 and
In* 3d 3/2, respectively. This suggests that indium remains in the form of oxides within the reduced samples [38,64]. Upon reduction,
the In>* 3d peak of Cu-xIn/SiO, exhibits an asymmetric morphology and undergoes a pronounced blue shift in comparison to the
2In/Si0, sample. This observation further indicates an interaction between Cu species and indium species, resulting in electron cloud
displacement from the vicinity of In species towards Cu species. The In 3d 5/2 signal in the Cu-xIn/SiO; catalysts were deconvoluted
into the contributions of two species—metallic In® and In>"—at 444.6 eV and 446.0 eV [65-68], respectively (Table S3), indicating
that a portion of the indium species was reduced to its metallic form under the reduction conditions at 578 K [38,64]. This observation
is consistent with the findings from the Hy-TPR analysis. The percentage of In species presented in the form of In® in the fresh catalysts
decreases in the order Cu-1In/SiO5 (19.7 %) > Cu-2In/SiO5 (16.2 %) > Cu-0.5In/SiO5 (15.1 %) > Cu-0.25In/SiO5 (12.3 %). The
dispersion of InyO3 on a silica support is generally challenging [69], and the reduction behavior of indium is highly dependent on
particle size. Smaller grains can be reduced below 578 K, while larger grains require significantly higher temperatures for reduction
[70,71]. And the intimate contact between copper and indium species promotes the transfer of hydrogen from Cu to In, thereby
facilitating the more facile reduction of indium oxide [72]. This further proved that the adopted preparation method in this study is
demonstrated to effectively disperse indium species on the catalyst, facilitating the predominant reduction of indium oxide at 578 K
and promoting the formation of Culn alloy. This further elucidates that the Cu-xIn/SiO5 catalyst preparation method employed in this
study facilitates the dispersion of InoO3 species on the catalyst, thereby enabling partial reduction of indium oxide under the reduction
conditions at 578 K and consequently promoting the formation of Culn alloy.

The correlation between the content ratio (wt%) of In® in the catalyst and its corresponding catalytic activity is illustrated in Fig. 5b.
It is observed that the enhancement in conversion rate of the catalyst does not exhibit a linear dependence on the content of Culn alloy
in the catalyst. Therefore, it can be inferred that besides the positive contribution of Culn alloy, there exist other significant factors
contributing to improving hydrogenation activity. The adsorption capacity of catalysts for reactants is a critical determinant of cat-
alytic performance. Consequently, an investigation into the adsorption properties of reactants on the catalysts was undertaken.

3.4. Adsorption ability of the synthesized catalysts for the reactants

To study the adsorption ability of the synthesized catalysts for the reactants, we conducted TPD-MS measurements. The results are
shown in Fig. 6a. Specifically, the area of the desorption peak reflects the amount of active species in the catalyst; the desorption
temperature correlates with the adsorption strength of the adsorbed reactants on the catalyst [73,74]. A desorption peak for 3-HPM is
centered at ca. 500 K for the Cu/SiO; catalysts; however, in addition to the desorption peak at low temperature, another desorption
band appears at a higher temperature (ca. 570-750 K) for the 2In/SiO, and Cu-xIn/SiO5 catalysts, suggesting the presence of the
multi-status adsorbed 3-HPM. The 2In/SiO; catalyst exhibits unexpectedly high adsorption capacity for reactants, likely originating
from the presence of highly dispersed In,O3 species within the catalyst. The total area for 3-HPM desorption gradually increases in the
order Cu/SiO3 < 2In/SiO5 < Cu-0.25In/Si05 < Cu-0.5In/SiO, < Cu-1In/SiO2 < Cu-2In/SiO,. Notably, the weakly bound species will
then desorb at lower temperatures. Therefore, this observation implies that the incorporation of In species into copper-based catalyst
significantly enhances the adsorption capacity for the reactant 3-HPM, thereby facilitating the hydrogenation reaction of 3-HPM.

The correlation between the content ratio (wt%) of In,O3 in the catalyst and its corresponding adsorption peak area for 3-HPM is
illustrated in Fig. 6b. It can be observed that the adsorption capacity of the catalyst for 3-HPM is closely related to the In-Os content and
its dispersion within the catalyst. In general, the modification of copper-based catalyst by introducing highly dispersed In,O3 species
provided new adsorption sites for reactants, simultaneously enhanced the adsorption capacity for reactants, with the adsorption ca-
pacity increasing with the rise in indium content.

Table 3

Summary of data obtained by Cu-XPS and Cu-LMM.
Catalysts Kinetic energy (eV) Xcus (%) Xcuo (%) Xo (%)

Cut cu®

Cu/SiOy 913.8 917.5 41.2 58.8 -
Cu-0.25In/Si04 914.3 917.6 41.6 58.4 12.3
Cu-0.5In/Si0, 914.2 917.8 42.2 57.8 15.1
Cu-1In/SiOy 914.1 917.8 42.0 58.0 19.7
Cu-2In/SiOy 913.8 917.5 36.6 63.4 16.2

Note: Xcur = Cu™/(Cu™+Cu®) x 100 %; Xcuo = Cu®/(Cut+Cu®) x 100 %; Ximo = In®/(In> +In®) x 100 %.
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Fig. 5. (a) XPS spectra of In 3d, (b) the results of the qualitative calculation of the conversion of 3-HPM with In° loading (wt%).
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adsorption peak area of 3-HPM with In,O3 loading (wt%).

3.5. Stability and structure changes of catalysts

The stability of the catalyst was assessed through WHSV(3-HMP) = 0.11 h™}, and the corresponding results are illustrated in Fig. 7.
Consequently, the hydrogenation reaction over the Cu-1%In/SiO; catalyst at 413K achieved a remarkable conversion of 99.3 % for 3-
HPM with a selectivity of 92.2 % towards 1,3-PDO. Notably, the yield of 1,3-PDO obtained using Cu-1%In/SiO; reached an impressive
91.5 %, surpassing the yield of Cu/SiO; catalyst (264 %) under identical reaction conditions. The catalyst exhibited stable hydro-
genation activity during the reaction test for 160 h, followed by a gradual decrease in conversion of 3-HPM (99 %-96 %). Subsequent
characterization of the deactivated catalyst was conducted to investigate the factors contributing to its deactivation and provide
guidance for future catalyst modification endeavors.

100 55100
=50 -@-Oqooo@m-OWWOWQ% 90
O\Q -
z _ 180 »
T 60k @ Conversion of 1,3-HMP 2
) @ Sclectivity to 1,3-PDO 170 g.
% e Selectivity to NPA Z
E 40 Selectivity to MP {o03
5
z 20+ £
S

¥ )2 €0 €202 8 $0¢9% 90 6009 ¢ P 10

o Eme:

L X : 0
0 20 40 60 80 100 120 140 160 180
Time on stream (h)

Fig. 7. Stability test of Cu-1In/SiO; catalyst. Reaction conditions: T = 413 K, P(Hy) = 6.0 MPa, WHSV(3-HMP) = 0.11 h™1, Hy/3-HPM = 240.

10



C. Zhang et al. Heliyon 10 (2024) e39723

Typically, the deactivation of supported catalysts can be attributed to three primary factors: 1) agglomeration of metal components,
2) loss of active components, and 3) catalyst surface coverage resulting from carbon deposition [6,75-78]. Consequently, the sub-
sequent sections primarily delve into these three aspects to elucidate the mechanisms underlying Cu-1In/SiO5 catalyst deactivation.
The metal particle size in the catalyst gradually increased from 2.6 nm to 4.8 nm before and after the reaction (Fig. S4), with no
significant increase observed in the Cu® and Cu,0 diffraction peaks in XRD analysis (Fig. S5). This indicates that, during the catalytic
hydrogenation reaction, there is minor agglomeration of Cu components, suggesting that the partial cause of catalyst deactivation is
the agglomeration of the metal components. In the ICP-OES analysis of the catalyst before and after the reaction, the concentrations of
copper and indium species remained relatively stable (Table S5). Moreover, XPS-XAES testing conducted prior to and following the
reaction revealed negligible alterations in Cu™/Cu® ratios (Fig. $6). These findings suggest that no detectable loss of active components
occurred during the catalytic hydrogenation process. The TG and DTG curves of the catalysts enabled a quantitative evaluation of
coking deposition during the reaction. As depicted in Fig. S7, distinct changes in weight loss patterns were observed for the catalysts
before and after the reaction, occurring at approximately ca. 360-450 K and ca. 450-550 K. The initial segment of disparity arises from
chemical adsorption of reactants and products, while the subsequent significant weight loss is attributed to coke deposition. The
enhanced coke deposition on the utilized Cu-1In/SiO; catalyst, resulting in an additional 8 % decrease in weight compared to the
pristine Cu-1In/SiO, catalyst, may comprise oligomers formed on the catalyst surface due to unreacted HPM, products and by-products
that were not promptly desorbed. The attachment of oligomers to the catalyst surface also significantly impacts the specific surface
area and pore structure of the catalyst (Table S5), resulting in an 11.3 % decrease in Sper and a 19.2 % decrease in V},. This observation
suggests that the presence of oligomers on the catalyst surface, leading to metal coverage and modifications to the structural integrity
of the catalyst, constitutes one of the crucial factors contributing to the decline in catalytic activity. Overall, the main reasons for the
decline in catalyst activity during the reaction time are primarily attributed to the blockage of catalyst pore structures and masking of
catalytic active sites by carbon deposition generated during the catalytic process. Another contributing factor is the partial aggregation
of copper nanoparticles.

4. Conclusions

A series of Cu-xIn/SiO; catalysts were synthesized by Et-AE method for the hydrogenation of 3-HPM to 1,3-PDO at low temper-
atures, and the effects of indium species introduction on the catalytic behavior of the resultant catalysts were also studied in detail.
Compared with the catalyst of Cu/SiO; prepared, the Cu-1In/SiO; catalyst exhibited a superior low temperature catalytic activity in
the hydrogenation of 3-HPM to 1,3-PDO, and realized the effective synthesis of 1,3-PDO with a high yield of 91.5 % at the temperature
as low as 413 K, which was the lowest temperature for the hydrogenation of 3-HPM to 1,3-PDO in literature. The catalyst exhibited
stable hydrogenation activity during the reaction test for 160 h. The characterization results from BET, FT-IR, TG, XRD, TEM, TPR,
XPS, XAES, TPD-MS, and ICP-AES indicate that the outstanding catalytic performance of the Cu-In/SiO5 catalyst primarily arises from
two aspects: the interaction between Cu and In, which results in more dispersed copper within the catalyst, and the new reactant
adsorption sites introduced by indium oxide. Furthermore, the formation of Cu-In alloy further improves the stability of Cu nano-
particles, maintaining their highly dispersed state, which positively contributes to the overall stability of the catalyst. Fortunately, the
introduction of indium species into the catalyst adds new adsorption sites for reactants, enhancing the catalyst’s adsorption capacity
for reactants. Additionally, the current study investigated potential catalyst deactivation mechanisms, proposing that carbon depo-
sition and metal nanoparticle aggregation are the primary factors contributing to the decline in catalyst activity. In summary, the
indium species modification would provide an effective strategy for the Cu-based catalyst synthesis and the as-synthesized Cu-xIn/SiO5
exhibit good catalytic activity for the hydrogenation of 3-HPM to 1,3-PDO.
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